tion in primary visual cortex. J Neurophysiol 112: 501-503, 2014 . First published February 26, 2014 doi:10.1152 /jn.00521.2013 There are many theories on the purpose of neural adaptation, but evidence remains elusive. Here, we discuss the recent work by Benucci et al. (Nat Neurosci 16: 724 -729, 2013) , who measured for the first time the immediate effects of adaptation on the overall activity of a neuronal population. These measurements confirm two long-standing hypotheses about the purpose of adaptation, namely that adaptation counteracts biases in the statistics of the environment, and that it maintains decorrelation in neuronal stimulus selectivity. adaptation; visual cortex; equalization; decorrelation ADAPTATION IS A RAPID FORM of neural plasticity where neurons change their response properties based on the recent history of visual input (Kohn 2007) . Adaptation is ubiquitous in neural systems and often manifests itself as an aftereffect. A wellknown example is the motion aftereffect (MAE), colloquially known as the waterfall illusion (Anstis et al. 1998) . If a person looks at a moving image for a period of time and shifts her gaze away, a static scene will perceptually move in the direction opposite of the presented motion. One might think that aftereffects such as the MAE could be explained on the basis of neuronal fatigue, but there are also many motion-sensitive neurons that do not adapt. "If some visual neurons do not fatigue, why should any?" (Anstis et al. 1998, p. 115) .
That adaptation is so pervasive and that it cannot be straightforwardly explained by neuronal fatigue suggests that it has functional value. But for what? One landmark hypothesis is that adaptation works like a "graphic equalizer" that automatically adjusts the gains of neurons to maintain a state of equal time-averaged population activity (Andrews 1964; Anstis et al. 1998; Ullman and Schechtman 1982) . Doing so would be important because random fluctuations in the sensitivity of sensory neurons could perturb the percept of an unchanged stimulus, a problem that can easily be overcome by assuming that, over time, all stimulus varieties (i.e., motion directions, grating orientations, etc.) are equally likely, and that therefore the cross-population distribution of neuronal firings should be flat as well. However, if some stimulus varieties occurred more often than others, the assumption no longer holds, and equalization would manifest itself as an adaptation aftereffect (Anstis et al. 1998) .
A second important theory on the purpose of neural adaptation derives from the idea of efficient coding (Attneave 1954) . It states that adaptation reflects a process of decorrelation that makes sure that the outputs of a neuronal population exhibit little or no correlation, even when the inputs are strongly correlated (Barlow and Földiák 1989) . In a recent review, Kohn (2007) explains the decorrelation hypothesis as follows: "When a particular stimulus or conjunction of stimuli is common, efficiency is improved by decorrelating the response of the activated cells. Decorrelation can be achieved either by repelling the preference of activated neurons (as suggested by Barlow and Földiák) or by making those neurons more narrowly tuned, both make the signals provided by the cells less redundant" (Kohn 2007, p. 3161) . Thus, decorrelation could allow for fewer active neurons, leading to metabolic savings (Kohn 2007) .
Equalization and decorrelation have now become widely accepted as plausible theories on the purpose of neural adaptation, yet there has been surprisingly little evidence. Of note is the work by Clifford et al. (2000) , who combined both functional accounts into a single model. This model accounted very well for psychophysical measurements of several adaptation aftereffects. However, as equalization and decorrelation are supposed to operate at the level of neurons, it is key to find neurophysiological evidence of their existence. Finding such neurophysiological evidence has proven difficult in the past, because the effects of equalization and decorrelation cannot be measured in individual neurons. While it is possible to measure gain changes in a single neuron, it is not possible to measure equalized or decorrelated responses; both are properties of a neuronal population. In contrast with previous work, therefore, Benucci et al. (2013) set out to study the effects of adaptation on the neuronal population.
While recording responses of a population of V1 neurons using a multi-electrode array, Benucci et al. (2013) presented anesthetized cats with a rapid series of oriented contrast gratings. The animals saw the stimuli under two conditions. In one condition, the distribution of grating orientations was uniform. In the other condition, the distribution was biased towards one orientation that was more prevalent than the others (the adaptor orientation appeared 3 times more frequently as the other orientations). The biased condition differs markedly from classical contrast adaptation, in which the adaptor appears on every trial. Studying the effects of "mildly" biased stimulus ensembles allowed the authors to better understand how adaptation adjusts the response properties of visual neurons to the statistics of their inputs (Wainwright 1999) . Although the initial stage in analyzing the neural recordings was in the vein of traditional adaptation studies, showing that adaptation reduced the peak response and shifted the orientation preference of neurons with tuning similar to the adaptor's orientation, the main interest of the work was to investigate what the wellknown adaptive changes mean in the context of the population response. This examination of the population responses led the authors to three significant findings.
First, in both conditions the time-averaged neural responses were essentially constant across the entire population. This means that no matter what a given neuron's orientation preference was, over time it fired just as much as the other neurons. While this is expected in the uniform condition, as each neuron receives stimulation from roughly an equal number of its preferred stimuli, it is a surprising finding in the biased condition. Intuitively, since the adaptor was presented more frequently than the other orientations, the neurons tuned to the adaptor's orientation should, on average, fire much more than neurons with different tuning. However, adaptation to the biased stimulus distribution altered the tuning of these (and similarly tuned) neurons in just the right way to equalize the time-averaged response across the entire population. The finding that the neuronal population maintains this state of firing equality, despite the ever-changing distribution of orientations in the environment, provides compelling neurophysiological evidence for the notion of response equalization.
The second finding reported by Benucci et al. (2013) is that in both conditions the responses across the population remained largely uncorrelated. To determine this, the authors divided up the neurons into bins, each containing a population of neurons with similar tuning curves. Next, the authors computed the correlation between the response time-series for all combinations of bins. This procedure yields correlation matrices (one for each condition) that convey how similarly neurons with different tuning curves respond. Due to the fact that neurons respond to a range of stimuli, as reflected by their Gaussian-shaped tuning curves, for any given stimulus there are a number of differently tuned neurons that respond. Based on this, it would be expected that the tuning correlations between these neurons would be larger in the biased vs. the uniform condition. That is, the response time-series of bins with orientation preferences near the adaptor orientation would become more similar in the biased condition compared with the uniform condition. Instead, the authors found no evidence for this prediction: the neural responses were no more correlated in the biased condition than they were in the uniform one. Thus, in addition to equalization, adaptation also appears to maintain the efficiency of neural encoding by preventing responses from becoming correlated.
Having demonstrated that adaptation equalizes and decorrelates population responses, the authors also examined how adaptation might alter the response properties of the population to allow for these effects. To this end, they modeled adaptation so that its net effect would be the result of multiplying the following two components: a neuron-specific component that reduces neural responses uniformly across the entire tuning curve (Fig. 1A) , and a stimulus-specific component that selectively reduces responses to the adaptor stimulus itself (Fig. 1B ). Fitting this model to the averaged experimental data produced a great fit, and correctly predicted that population responses to stimuli similar to the adaptor would be biased away from the adaptor, a phenomenon well-documented in psychophysical studies of adaptation (Kohn 2007) . More interestingly, however, the fit also showed that the stimulus-specific component of adaptation had a stronger influence on net adaptation than the neuron-specific one. Albeit speculative, this result could mean that the stimulus-specific component of adaptation may be the reason why adaptation is capable of decorrelating Neuron-specific and stimulus-specific components of neural adaptation. Consider the response curves of two neurons, neuron 1 and neuron 2, each of which respond to a wide range of stimulus orientations but prefer different ones. That is, the preferred orientation of neuron 1 corresponds to Ϫ22.5°away from vertical, whereas the preferred orientation of neuron 2 corresponds to a ϩ22.5°tilt. In the absence of adaptation, neuron 1 and neuron 2 would respond to the different stimulus orientations as indicated by the black curves. Now, let the stimulus with ϩ22.5°tilt represent the adaptor (as indicated by the gray grating on the x-axis). This adaptor has been presented over and over again, which has caused the response curves for both neurons to change (dashed gray lines). A: after neuron-specific adaptation, neuron 1 exhibits a slightly decreased response across all stimulus orientations, while neuron 2 exhibits a much stronger decrease in its response to all of the orientations presented. B: after stimulus-specific adaptation, both neuron 1 and neuron 2 exhibit a decreased response but only for stimuli orientations that are near the adaptor orientation.
population responses. That is, only selective response-reduction to the adaptor (and the nearby orientations) is capable of sharpening neural tuning curves in a way that might reduce correlations, which would otherwise arise in response to a biased stimulus ensemble. The finding that equalization and decorrelation operate in primary visual cortex is a great step forward to understanding neural adaptation, but like most important scientific findings it also raises questions. Adaptation, for instance, takes time. On the one hand, it should not happen too quickly, because the "local statistics of many natural stimuli differ greatly from their global distribution" (Wark et al. 2007, p. 423) . Adaptation should also not happen too slowly, because then it would be harder to deal efficiently with a change of situation. Benucci et al. (2013) report that adaptation takes just 1.7 s (ϳ20 presentations of the more prevalent stimuli) to reestablish homeostasis, but overall the research on the time scales of adaptation has revealed variable results with striking differences between psychophysical and neurophysiological estimates (Webster 2011) .
There is also the question of how equalization and decorrelation are implemented in the brain, and whether they are the result of the same or multiple processes. A likely candidate for a single process implementation is mutual inhibition, a mechanism on which both equalization and decorrelation rely. Mutual inhibition would be useful for both equalization and decorrelation because "if the gain of one channel increases, the gains of the other channels decrease, and vice versa" (Ullman and Schechtman 1982, p. 306) , and "when two physical variables are strongly correlated one might expect two neurons, each of which responds predominantly to one of them, to develop mutual repulsion so that if a physical variable excites the one it will inhibit the other, and vice versa" (Barlow and Földiák 1989, p. 59 -60) . Mutual inhibition is a well-established feature of sensory cells, and it plays a central role in most mechanistic models of equalization and decorrelation. However, whether the brain indeed utilizes the inhibition between sensory cells to achieve these two homeostatic goals remains to be determined.
Further questions arise with respect to the finding that adaptation (and therefore equalization and decorrelation) is better explained by considering a combination of neuronspecific and stimulus-specific components of adaptation, and that the main contribution to the measured adaptation effects appears to be related to the stimulus-specific component. It is unclear how the visual system achieves stimulus-specific adaptation, although it has been suggested that mutual inhibition might be involved (Movshon and Lennie 1979) . This suggestion is appealing considering that mutual inhibition is likely to play a role in decorrelation; if mutual inhibition played a role in decorrelation, and if only a stimulus-specific adaptation would be capable of achieving decorrelation, then it could be expected that mutual inhibition is also related to stimulus-specific adaptation.
Regardless of the questions raised, and these are just a few, the work of Benucci et al. (2013) shows that adaptation serves two homeostatic goals: the maintenance of equality and the maintenance of independence. These results are in line with two long-standing efficient coding theories of adaptation that emphasize the importance of equalization and decorrelation through adaptation to maintain a state of reduced redundancy in information coding. Although the relationship between response homeostasis and decorrelation remains to be determined, the article by Benucci et al. (2013) provides compelling experimental evidence that these two effects are indeed related to adaptation within the primary visual cortex. In addition, the work suggests that the key to understanding adaptation in the context of neural processing is in studying its effects on the responses of entire neural populations, an approach that certainly deserves further attention within the field.
